We present an effective model, which is an extension of the usual linear sigma model, that contains a low energy multiplet for every hadronic particle type. These multiplets are a scalar nonet, a pseudoscalar nonet, a vector nonet, an axialvector nonet, a baryon octet and a baryon decuplet. Tree level baryon masses and possible two body decuplet decays are calculated. The baryon masses are generated through spontaneous symmetry breaking. The calculated quantities are used to determine the model parameters through a multiparametric minimalization process, which compares the calculated physical quantities with their experimental values. We found that the calculated quantities are in good agreement with the experimental data.
I. INTRODUCTION
The phase diagram of QCD, the theory of strong interaction, is a heavily studied field both theoretically (see e.g. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and references therein) and experimentally (see e.g. [11] [12] [13] [14] [15] and references therein). Our aim is to develop a model for that problem, which also reproduces the vacuum phenomenology.
QCD can be solved perturbatively only at very high energies. Although it is possible to solve QCD nonperturbatively on the lattice, that is computationally demanding and not very well suited for instance for scattering problems, or for high densities. We are therefore left with effective theories. The underlying principle in the construction of such theories is that they share the same global symmetries as QCD [16] .
For massless quarks (which is a very good approximation for u and d and less good for s quarks) the global symmetry of QCD is
A , the so-called chiral symmetry (R stands for right-handed, L for left-handed quark flavors, and N f denotes the number of massless quark flavors). The U (1) A part of the symmetry is broken by topological charges [17] , while in the vacuum SU (3) A is spontaneously broken [18] due to the existence of quark-antiquark condensates.
There are different ways in which the chiral symmetry of QCD can be realized. In the QCD Lagrangian, the symmetry is linearly realized, while in the vacuum and at low energies, the symmetry is nonlinearly realized. Linear realizations of chiral symmetry have the property that states are doubled. In nonlinear realizations [19] , there can be states without associated chiral partners. Around the phase transition the chiral partners are degenerate, so none of them is negligible. Therefore, in order to investigate the mechanism of chiral symmetry restoration, which is one of our final aims, effective theories with linearly realized chiral symmetry [20] are most appropriate.
The last version of our model [21] contained the scalar, pseudoscalar, vector-and axial-vector nonets of mesons. That model described the vacuum phenomenology of mesons very well. In this paper we include the nucleon-octet and the Delta-decuplet to extend the vacuum phenomenology for baryons as well. Other investigations concerning on baryon phenomenology can be found for instance in [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
Our paper is organized as follows. In Sec. II we describe our model with some of the details taken from [21] relegated to App. A. Sec. III is dedicated to calculation of tree-level baryon masses and decay widths, while Sec. IV contains our results of the fitting procedure. We conclude in Sec. V.
II. THE MODEL
The model construction is based on the idea of inclusion of the lowest lying multiplets for every hadronic particle type, where we assume that mesons areand baryons arestates. This means that for mesons we included a scalar, a pseudoscalar, a vector and an axialvector nonet, while for baryons an octet and a decuplet. Accordingly, our Lagrangian consist of a mesonic and a baryonic part, the latter also includes the baryon-meson interaction terms, L = L meson + L baryon , from which we already constructed and analyzed the meson part in [21] , and it is presented briefly in App. A.
The Lagrangian of the baryon sector is constructed as follows. In addition to the kinetic terms of the octet and decuplet baryons we included such interaction terms with the lowest possible dimension, that either describe decuplet decays into one octet baryon and one (pseudo)scalar -which are the physically relevant two-body decays of the decuplet -, or such baryon-(pseudo)scalar interactions that generate octet/decuplet mass terms via spontaneous symmetry breaking (SSB). The lowest possible dimension for the decuplet decay terms is four containing one vectorspinor, one spinor, and one (pseudo)scalar field, and together with the kinetic terms are taken from the leading order expansion of the nonlinear sigma model [19] (for more details see App. B). In case of the baryon-(pseudo)scalar interaction terms (that can produce octet/decuplet mass terms) the lowest possible dimension is five, containing two spinor and two (pseudo)scalar fields. Correspondingly, we included every possible SU (3) V invariants [32] , which can be constructed with the given number of fields (see e.g. App. C of [33] ).
while the explicit form of the scalar-pseudoscalar octet is
and the remaining two multiplets can be found in App.
A. An important point here is that in the physical scalar sector of low energy QCD beside the scalaroctet included in our model there are other states like glueballs and tetraquarks having similar or even lower mass than thestates, which in principle can mix with their correspondingpartner. However the scalar tetraquarks, like f 0 (500) have a much smaller mass then the diquark state with the same quantum number, thus we expect that their mixings are small. The glueball f 0 -which should have mass around 1.5 GeV -probably has a considerable mixing with the f 0 states considered here (see the discussion in [21] ), which should be investigated, but the properties of the scalar sector are not included in the fitting procedure and are beyond the scope of this paper. On the other hand, the scalars have no direct influence on the properties of the baryons considered here, because none of these baryons has large partial decay widths into scalars and baryons [35] , which means either their couplings are weak or the considered scalar mass is too large. In both cases the contribution of the scalars to the self-energies of the baryons are small. Thus at first glance a more precise description of the scalar sector is not essential in this discussion.
It is worth noted that the pseudoscalar (P a ), axialvector (A µ a ) and baryon octet (B a ) fields are not physically observable in their current form, since for example P 1 is not observable, only the combination (P 1 − iP 2 )/ √ 2, which is π + . Thus for later calculation it is worth to transform the above fields into physically observable forms 1 , as already shown in their matrix form. This can be done with the following 8 × 8 (in case of the baryon octet) and 9 × 9 (in case of the meson nonets) transformations as
with which the fields can be written as
As one can see from the Lagrangian, the baryonic sector has 16 -yet unknown -parameters: two bare masses M (8) and M (10) ; eight octet baryon-(pseudo)scalar couplings ξ 1 , . . . , ξ 8 ; four decuplet baryon-(pseudo)scalar couplings χ 1 , . . . , χ 4 ; one ∆-decay constant C, and the parameter f . However, as one shall see in the next chapter not all the 16 parameters are independent or some of them not even appear in the formulas of the physical quantities considered here.
III. BARYON MASSES AND DECUPLET DECAYS
After the Lagrangian is fixed, as a usual procedure we require non-zero vacuum expectation values for certain scalar fields, namely for the non strange σ N and strange σ S scalar fields 2 , which corresponds to the isospin symmetric case (see e.g. [34] ). The vacuum expectation values will be denoted by
Than one should shift the σ N , σ S scalar fields by their expectation values in the Lagrangian in order to get the tree-level masses and decay widths around the true vacuum,
It is easy to see that the terms proportional to ξ 5 , ξ 6 , χ 4 and ξ 7 , ξ 8 do not contribute to the masses. In case of the first three terms it is due to the fact that [T 0 , T 8 ] = 0, while in case of the second two terms it is due to the scalar octet is hermitian (Φ S = Φ † S ). Moreover, in the expression of the baryon octet masses ξ 1 and M (8) , while in case of the decuplet baryon masses χ 1 and M (10) always appear in the same combination, thus without loss of generality we can set ξ 1 = χ 1 = 0. Although, in scattering processes both ξ 1 and χ 1 would be needed, but these processes are not considered here.
After some straightforward calculation the terms quadratic in the fields B and ∆ µ can be determined, and consequently the three-level baryon masses are found to be
A. Decay widths
According to the PDG [35] , one can consider four physically allowed two-body decays of the decuplet baryons. These are the following
After applying the field shifts Eq. (12) in the C-term of the Lagrangian Eq. (1) the corresponding interaction part is given by
where the G ab ijk coupling constant reads as
Looking 
with
where Z π and w a1 are defined in App. A. Moreover, terms including the same decaying particle with different charges are not written out, since they would result in the same decay widths. According to Eq. (C7) the decay width can be calculated as
where k and E B are given by Eq. (C8) and Eq. (C9), while the isospin factor I ∆→P B is one for ∆ ++ → pπ + and 
IV. χ 2 -FIT AND RESULTS
In the fitting procedure we used a χ 2 minimalization method to determine the parameters of the baryon Lagrangian as we did for the meson Lagrangian in [21] from where we took the parameters of the mesonic sector. Our aim was to find a parameter set with which the calculated values of the observables deviate from their experimental values only within a given error. Since, isospin breaking is neglected, our calculation is at tree-level and our model is an effective model of QCD, not the QCD itself, we do not expect that it reproduces all the observables perfectly. Accordingly, we artificially set the errors to 5% for the masses and to 10% for the decay width, since they have a larger uncertainty.
In the baryon Lagrangian there are 8 unknown parameters, namely, M (8) , ξ 2 , ξ 3 and ξ 4 are describing the octet masses, M (10) , χ 2 and χ 3 the decuplet masses, while G ≡ CZ π g 2 1 w 2 a1 + 1/f 2 the decay widths. In order to determine these parameters we define the χ 2 as
where x 1 , . . . , x N are the unknown parameters, the M observables Q i (x 1 , . . . , x N ) are calculated from the model, while Q exp i are taken from the PDG [35] with the chosen error δQ i as discussed above. For the multiparametric minimalization of χ 2 (x 1 , . . . , x N ) the MINUIT [36] code was used. In this particular case we have 8 parameters to fit for the 12 observables. The resulting parameters are given in Table I Table I means that χ 3 should be changed by 4387.18 in order to change χ 2 by one. The values of the observables along with their experimental values and errors can be found in Table II . It is important to note that all the parameters appeared already in the meson sector are fixed during the fit and their values are presented in Table III . It can be seen from Table II that the octet masses can be described perfectly, which is not so surprising, since we have four parameters to fit for four quantity and all the equations are linear in the parameters. It is more interesting that the decuplet masses are given with almost the same precision as the octet masses, even if we have only three independent parameters in this sector to fit. Finally, for the decuplet decays we have only one parameter for four physical observables and as expected the tree level expressions, which differ from each other only in their kinematic parts, can not give back all the experimental values with a very good precision. The unnatural values of M (8) and M (10) do not concern us, since with appropriately chosen values of ξ 1 and χ 1 we can achieve any values for M (8) and M (10) .
V. CONCLUSIONS
We have presented a possible baryon octet and decuplet extension to our previous meson model [21] . We included interaction terms, such as ∆ − B − P suggested by the lowest order chiral perturbation theory, other interaction terms like the B − B − Φ − Φ kind of terms was introduced in order to generate baryon masses. In the last case we included every possible SU (3) V invariants.
From the constructed Lagrangian we calculated the tree-level masses and physically relevant decuplet decay widths and we found that in general they are in good agreement with the experimental data taken from the PDG [35] .
As a continuation other interaction terms, which contain derivatives could also be introduced (see e.g. [26] ), which are important if one would like to investigate scattering processes as well. Another interesting direction is to move on to finite temperature and/or densities with these fields included in our model. However, this task seems not an easy one. For instance it is not obvious how one can switch from the baryon octet and decuplet degrees of freedom, which are the appropriate degrees of freedom at low temperature and densities, to the constituent quarks, which are better candidates for degrees of freedom as one approaches the phase transition region. Acknowledgements P. Kovács, Gy. Wolf and M. Zétényi were supported by the Hungarian OTKA funds NK101438 and K109462, while Á. Lukács by OTKA fund K101709.
Appendix A: Meson Lagrangian
The meson Lagrangian is basically the same, as in [21] with the exception that the dilaton field is completely neglected and it reads as
where
The quantities Φ, R µ , and L µ represent the scalar-pseudoscalar, the left-and right-handed vector nonets:
where the assignment to physical particles is also shown, except in the 0 − 8 sector, where there is particle mixing [9, 21, 37] and the physical fields are given by certain orthogonal transformation from the non-physical fields. Here, T i (i = 0, . . . , 8) denote the generators of U (3), while S i represents the scalar, P i the pseudoscalar, V µ i the vector, and A µ i the axial-vector meson fields, and A e µ is the electromagnetic field. It should be noted that here and throughout the article we use the so-called non strange -strange basis in the (0 − 8) sector, defined as
which is more suitable for our calculations. Moreover, H and ∆ are constant external fields defined as
Shifting the fields σ N and σ S with their non zero expectation values φ N and φ S (Eq. (11)), the quadratic terms of the Lagrangian, from which the tree-level meson masses originate, can be determined. The quadratic terms contain, beside the mixing in the N − S (or 0 − 8) sector of the scalar and pseudoscalar octet, vector-scalar and axialvectorpseudoscalar mixing terms as well. The later can be resolved by redefinition of certain (axial-)vector fields (for details see [21] ). In our case, only one such field enters in the calculations, namely the a µ 1 axialvector meson, which should be redefined as
and the a µ 1 axialvector mass is given by
Since in all decuplet decays (Eq. (21)) a pion is formed, we also need the explicit expression of the pion mass, which is
The parameters of the meson Lagrangian are determined through the comparison of the calculated tree-level expressions of the spectrum and decay widths [21] with their experimental value taken from [35] . Some of the parameters are only appear in certain combinations in every calculated quantities, namely
are such combinations. Moreover without the loss of generality we can set δ N = 0, while all the other meson parameters, taken from [21] , are given in Table III Appendix B: On the construction of the Lagrangian
The leading order chiral Lagrangian containing baryon octet, baryon decuplet and pseudoscalar octet fields is (see e.g. where A is the decaying particle, B and C are the resulting particles k ≡ k C = k B is the magnitude of the momentum of the resulting particles in the restframe of A, M A→BC is the matrix element and I is the isospin factor, which shows how many independent decay channels we have (see later). In our case A is a vectorspinor, B is a pseudoscalar and C is a spinor field. According to Eq. (24), the structure of the interaction Lagrangian is G (A→BC) A µ (∂ µ B)C, from which the matrix element can be written as
Taking the average for the incoming and sum for the outgoing polarizations the absolute square of the matrix element is given by 
where the P projector is defined as [43] 
After some straightforward calculation the matrix element can be written as
with, E c = m
Consequently, the decay width reads
and E c = m 
